Abstract The weakly ionic amphiphilic diblock copolymer polystyrene-b-poly(acrylic acid) was synthesized by nitroxy radical-mediated living radical polymerization with precise control of block length, block ratio, and polydispersity. Systematical surface tension experiments and foam formation observations revealed that this polymer was non-surface active under neutral and alkaline (pH 10) conditions, while it was surface active under an acidic condition (pH 3). This result supports our proposed origin of non-surface activity; the image charge repulsion at the air/water interface is essential in addition to very stable micelle formation in the bulk solution. At a higher pH (pH 12), the polymer showed slight surface activity since the added NaOH played a role as an added salt. The critical micelle concentration (cmc) was estimated by static light scattering. Cmc increased with increasing added salt (NaCl) concentration as was observed for other strongly ionic non-surface-active polymers. Hence, this trend is characteristic for non-surface-active polymers. The pH dependence of cmc was minimum at pH 8-10. Since the acrylic acid block is fully ionized under this condition, the strong image charge repulsion at this condition accelerated micelle formation at a low polymer concentration, which consequently decreased cmc. Micelles in bulk solution were confirmed by dynamic light scattering, and the salt concentration and pH dependencies of the hydrodynamic radius of the micelles were also estimated. The pH-responsive non-surface-active/ surface-active transition observed in this study strongly supports the fact that the image charge repulsion is an essential factor for non-surface activity in addition to stable micelle formation in solution.
Introduction
Various ionic amphiphilic diblock copolymers including strongly anionic [1] [2] [3] [4] [5] [6] , weakly anionic [7] , and also cationic [8, 9] polymers show a non-surface-active nature. We have systematically investigated this unique, somewhat out of common sense of surface and interface science, property and proposed that the essential origin of non-surface activity is strong image charge repulsion [10] [11] [12] [13] [14] at the air/water interface [2, 3, 5, 6, 9] . Very stable micelle formation in the bulk solution may also be the principal origin [5, 6] considering the fact that polyelectrolyte homopolymers are slightly surface active. Poly(styrene sulfonate) homopolymer [15] [16] [17] [18] and, recently, the random copolymer [6] of styrene and styrene sulfonate were found to be surface active, stressing the importance of micelle formation [5, 6] . Before our study, there were already reports that the solutions of ionic amphiphilic block copolymers show no reduction of surface tension [19] [20] [21] [22] [23] [24] and also reports of new non-surface-active systems [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . It is noteworthy that similar behavior has been found also for biological system [36] . In addition, theoretical consideration was proposed for anomalous salt concentration dependence of the critical micelle concentration of non-surface-active polymers [37] . Hence, non-surface activity seems to be a universal characteristic of ionic amphiphilic diblock copolymers when some requirements are satisfied.
Requirements for molecular structure are block ratio and total length. In our systematical study, the polymers with a block ratio of around 1:1 (e.g., m :n =50:50, m and n are the degree of polymerization of hydrophobic and hydrophilic blocks, respectively) showed stronger non-surface nature. When the hydrophobic block is much longer than the hydrophilic, ionic block, the polymer showed surface-active nature since hydrophobic adsorption at the air/water interface is superior to the image charge repulsion [3, 5, 6] . When the hydrophobic block is much shorter than the ionic block, the polymer also shows surface activity since they cannot form a stable micelle in the bulk solution [38] . The adsorbed state at the air/water interface is more stable than the molecularly dissolved unimer state in solution. In addition, m :n =50:50 polymer was found to be non-surface active while m :n =20:20 polymer was surface active [5] . This observation was also related to the stability of micelle, and this might be a demarcation between amphiphilic polymer and low molecular weight surfactant from the viewpoint of surface and interface chemistry, at least of non-surface activity. A requirement for an external factor is the ionic strength of the solution. All the non-surface-active polymers showed non-surface activity in the absence of added salt, but they became surface active after salt addition. This observation strongly suggests that the image charge repulsion is an essential factor.
In this study, as the second-step investigation of nonsurface-active polymers, we tried to control the non-surfaceactive nature using external stimuli. We synthesized a weakly ionic amphiphilic diblock copolymer, poly(styrene)-bpoly(acrylic acid) (PSt-b-PAA) by nitroxy radical-mediated living radical polymerization. A weakly ionic amphiphilic diblock copolymer was found to be non-surface active when neutralized [7] . However, this polymer should be surface active under acidic conditions since carboxyl groups are protonated, i.e., nonionic, if our interpretation of non-surface activity is correct. Hence, the pH control of surface-active/non-surfaceactive transition should be feasible by utilizing this polymer.
Experimental

Materials
Styrene (St), t-butyl acrylate (t-BuAc), and azobisisobutylonitrile (AIBN, initiator) were purchased from Wako Chemical (Osaka, Japan). Styrene was treated with 1 M NaOH to remove the polymerization inhibitor three times. Then, moisture was removed using a Na 2 SO 4 column. Calcium hydride was added and distilled twice before use. t-BuAc was treated in the same way. The mediator, n -t -butyl-1-diethylphosphone-2,2-dimethylpropyl nitroxy radical (DEPN), was synthesized as reported previously [2, 39] .
Polymer synthesis
The polystyrene homopolymer as the macroinitiator was synthesized as follows: 300:1:2.5 mixture (molar ratio) of St, AIBN, and DEPN was put into a Schlenk tube, then tetrahydrofuran (THF) was added. The solution was freeze-pumpthawed under Ar atmosphere three times. Then, the polymerization reaction proceeded at 120°C typically for 68 min. The reaction was stopped by cooling in ice water, and the THF solvent was evaporated. The conversion was estimated by 1 H NMR. The resultant polymer was dissolved in a small amount of THF and re-precipitated by methanol two times. The polymer was dried again under vacuum.
The block copolymer, P(St)-b-P(t-BuAc), was typically synthesized as follows: 1:100:1.25 mixture (molar ratio) of PSt, t-BuAc, and DEPN was put into a Schlenk tube. After three cycles of freeze-pump-thaw treatment, the polymerization reaction was allowed to proceed under an Ar atmosphere at 120°C for 3 h. The reaction was stopped by cooling in ice water, and a small amount of THF was added to reduce the viscosity of the product. The polymer was re-precipitated two times in a methanol/water (1:1) mixture with ice cooling. The block copolymer thus obtained was dried in a vacuum chamber.
The block copolymer obtained above was hydrolyzed to obtain the aimed diblock copolymer, PSt-b-PAA as follows: PSt-b -P(t -BuAc) was dissolved in 1,4-dioxane (20 ml) in three-necked, round bottom flask at 40-50°C with stirring. HCl aq. (35 wt%) was added (1 ml for 0.1 g polymer) and refluxed at 80°C for 5 days. The resultant polymer was purified by dialysis and then lyophilized. The reaction scheme of this polymer synthesis is shown in Scheme 1.
GPC
Gel permeation chromatography (GPC) for evaluation of molecular weight and the distribution of its PSt homopolymer and block copolymer before hydrolysis was performed by the JASCO (Tokyo, Japan) system consisting of a Shodex KF804L column, a RI-965 refractive index detector, a UV2075 Plus UV detector, a PU0980 pump, and a CO-965 column oven. THF was used as the eluent. Calibration was done using standard polystyrene. 
Surface tension experiment
The surface tension of aqueous solutions was measured by the Wilhelmy method with a Face CBVP-Z surface tensiotometer (Kyowa Interface Science, Saitama, Japan). The sample solutions were prepared by dilution of the mother stock solution and were kept overnight without disturbance before measurement.
Static light scattering (SLS)
The critical micelle concentration (cmc) was determined by SLS. SLS instrument was Photal SLS-7000 System of Otsuka Electric Co. (Osaka, Japan). The scattering angle was fixed at 90°. The ratio of scattering intensity and the direct beam intensity was plotted against polymer concentration. Cmc values were evaluated from the bending point of the plot.
Dynamic light scattering (DLS)
The hydrodynamic radius (R h ) of micelle in solution was estimated using the Otsuka System equipped with a GC-1000 photon correlator. The time correlation function of the scattered field was measured at four scattering angles (60°, 75°, 90°, and 105°) with an accumulation time of 30 min. The function was fitted by double exponential function according to our previous studies to estimate the decay rate Γ. Γ was plotted against q 2 , from whose slope the translational diffusion coefficient was evaluated and changed to R h by applying the Stokes-Einstein equation. The details were as fully described previously [2, 3, 40, 41] .
Atomic force microscopy (AFM)
Micelle formation and size were also confirmed by AFM observation using an SPI3800 system with an SPA300 probe (Seiko Instruments, Tokyo, Japan). The polymer solution (>cmc) was dropped on a cleaned glass plate and dried in a draft chamber for observation. The non-contact mode (equivalent to "tapping" mode) was employed.
Results and discussion
Polymer synthesis Figure 1 shows the 1 H NMR spectra for PSt homopolymer and block copolymers before and after hydrolysis. The proton peak attributed to t -Bu unit disappeared after hydrolysis. Figure 2 shows the GPC charts of PSt homopolymer and block copolymer before hydrolysis. The peak shifted towards a higher molecular weight, which means that we successfully obtained a PSt-b-PAA block copolymer together with the 1 H NMR experiment. In the 1 H NMR spectra for the final block copolymer in CDCl 3 , the proton peaks for the benzene unit of the PSt unit were observed, while those in D 2 O were not. This observation is reminiscent of the micelle formation in the heavy water, which guarantees block copolymer formation and its amphiphilic nature. The molecular characteristics of block copolymers thus obtained are summarized in Table 1 . The degree of hydrolysis estimated by pH and conductometric titration is also shown in the table.
Foam formation observation
The foam formation behavior of polymer solutions after vigorous hand shaking was recorded using a digital camera. with and without addition of NaCl. In pure water, the solution shows little foam formation, indicating the non-surface-active nature of the block copolymer. However, after 0.1 M NaCl addition, the solution showed very good foam formation, which means that the polymer became surface active. This salt effect was observed for all non-surface-active polymers ever studied [1] [2] [3] [4] [5] [6] [7] [8] [9] and means that the non-surface activity is electrostatic in origin, probably due to the image charge repulsion at the air/water interface. As shown in Fig. 4 , St 50 -b-AA 51 and St 27 -b-AA 51 showed little if any foam formation under a neutral pH condition, i.e., pure water, pH 8 and pH 10. Especially, the non-surface activity appears strongest at pH 10. However, at pH 3, both polymers showed good foam formation, indicating that the polymers are surface active under an acidic condition, where carboxylic acid of AA block is protonated, i.e., almost no charge. This observation certifies that the PSt-b-PAA block copolymer shows non-surface-active/ surface-active transition by pH change. In Fig. 5 , the polymer showed slight foam formation at pH 12. This might be an effect of salt. To change pH, NaOH aq. was added to the solution. Since pH 12 is an overneutralized condition, the excess NaOH acts as a salt, and behavior similar to that in Fig. 3 was observed. Figure 5 shows the salt effect for pH 10 solution, which shows the highest non-surface activity. Again, the solution showed very good foam formation after addition of 0.1 M NaCl.
Surface tension and cmc determination AA 92 in pure water and in 0.1M NaCl aq., respectively. In pure water, the surface tension did not show a marked decrease, but rather a flat behavior, although the data points are somewhat scattered. However, in 0.1 M NaCl solution, the surface tension started to decrease at certain polymer concentration, although not so sharply, like a typical ionic low molecular weight surfactant. This observation agrees with the foam formation observation discussed above, indicating that the polymer change from non-surface active to surface active by salt addition. The SLS intensity was also plotted in these figures. The SLS intensity increased with increasing polymer concentration, but a clear bending point is observed in both cases. This sudden increase of the slope is due to the micelle formation, i.e., the concentration of the bending point is cmc. In pure water, no marked surface tension change is observed, although a clear cmc is detected, which is typical In pure water With 0.1M NaCl behavior of non-surface-active polymers. In a salt solution, both bending points in surface tension and SLS intensity appeared at the same polymer concentration. Although cmc has been determined by the concentration where surface tension decrease stops (i.e., becomes flat) for common surfactants, it has often been observed for non-surface-active system that cmc is located at the concentration where the surface tension starts to decrease. Figure 6c , d shows the pH effect on the surface tension and SLS intensity for St 44 -b-AA 92 . At pH 3, the surface tension showed a clear bending point as for common surfactants, although its decrease with polymer concentration is not so large. In addition, this bending point agreed with the cmc determined by SLS intensity. Hence, this polymer behaves as a surfactant under pH 3. Since the AA block is protonated, this block copolymer is not an "ionic" amphiphilic diblock copolymer, but mostly a nonionic amphiphilic diblock copolymer, although COOH units might be very slightly dissociated. However, at pH 10 ( Fig. 6d) , no marked surface tension decrease was observed, although cmc could be clearly determined by SLS measurement. This is typical behavior of nonsurface-active polymers. The surface tension data is somewhat scattered, but the small "drop" of surface tension near cmc might have a physical meaning. We observed similar behavior, i.e., small surface tension decrease near cmc, for other non-surface-active polymers and named it "M-point" [1] . We could not understand its meaning and interpretation at that stage, but this point was repeatedly observed, and we are convinced that this is not an experimental error. Recently, not only an image charge effect but also very stable micelle formation has been clarified to be an essential factor as an origin of non-surface activity [5, 6] . According to this concept, one interpretation of this M-point might be possible; with increasing polymer concentration, the surface tension of the solution starts to decrease at certain concentration like common surfactant since the polymer has hydrophobic block, i.e., amphiphilic. However, at the same time, micelle associates start to be formed since this concentration is located near cmc. Once micelles are formed, and the micelle situation is more stable than that in an adsorbed state, which is largely destabilized by image charge repulsion, the equilibrium between adsorption and micelle (via unimer) is in favor of micelle formation, so the surface tension decrease stops. This interpretation might be just speculation at this stage, but is in agreement with our interpretation on the origin of non-surface activity.
Salt and pH effect on cmc
One of the special characteristics of non-surface-active polymers is the peculiar added salt dependence of cmc; cmc increases with increasing added salt concentration for both strongly anionic and cationic amphiphilic block copolymers. The Corrin-Harkins law [42] is a famous, traditional concept for salt concentration dependence of cmc for low molecular weight ionic surfactants, which suggests decrease of cmc with salt concentration increase. This behavior is commonly observed for many ionic surfactants and has been interpreted as the effect of shielding of electrostatic repulsion between ionic head group of surfactants in the micelle. Hence, the behavior of non-surface-active polymers is quite unique and its mechanism is interesting. Figure 7 shows the added NaCl concentration dependence of cmc for PSt-b-PAA block copolymers with a different block ratio at a neutral pH. For all three polymers investigated, cmc increased, with increasing salt concentration as found in our previous study. Hence, this unique property is common for non-surface-active polymers.
Since the effect of added salt on the ionic "head group" repulsion in the micelle should be, in principle, the same for common ionic surfactants and ionic block copolymers, we believe that the origin of this unique property is the shielding effect on the image charge repulsion at the air/water interface. The adsorbed state is highly destabilized by image charge repulsion. On the other hand, the polymer micelle is very stable. This combination is essential for non-surface activity. By salt addition, image charge repulsion, which is electrostatic, is also shielded by added salt. Hence, the equilibrium between adsorbed state and micelle state via unimer state forwards to adsorbed state, which results in harder micelle formation, i.e., increase of cmc. Increase of adsorbed polymers at the air/water interface can be confirmed by foam formation as shown in Fig. 3 . Foam was formed by the addition of salt while less foam if any in the absence of salt. In addition, the adsorbed polymer was directly confirmed by X-ray reflectivity for strongly anionic polymer [2] [3] [4] .
Since the present polymer is a weakly acidic polymer, pH dependence of cmc is also an interesting topic. Non-surfaceactive/surface-active transition by pH change is already confirmed by foam formation observation (Fig. 4) and surface tension experiments (Fig. 6b, c) . The cmc of the three block copolymers differed with the pH. Cmc showed a minimum at a neutral pH (Fig. 8) . This behavior can be reasonably explained if we recall that this polymer is non-surface active at a neutral pH but is surface active at low and high pH conditions as was observed in foam formation and surface tension experiments. When surface active, cmc is very low and it becomes higher when adsorption of polymers at the air/water interface occurs. Polymers are non-surface active at a neutral pH since they are dissociated to be anionic while they are surface active at low and high pHs since they are protonated (nonionic) and influenced by the added salt (NaOH in this case), respectively. It might be better to say that cmc is lowered by image charge repulsion and this is the origin of the non-surface activity. Micelles are formed at a very low polymer concentration before adsorption occurs since they are repelled from the air/ water interface by image charge repulsion.
It might be interesting to note that the surface tension started to decrease at cmc determined by SLS in Fig. 6b . This looks very strange behavior. The non-surface-active substance showed almost no surface tension reduction like in Fig. 6a , while the surface-active substance shows bending point in surface tension vs. concentration curve at cmc evaluated by SLS, like in Fig. 6c . The substances which are not perfectly surface non-active and also not perfectly active often show this kind of behavior; start of surface tension reduction at cmc. Its origin is not clarified yet, but similar behavior was observed previously for other polymers [3] , which can be understood as just a transition state.
Confirmation of micelle formation and its size by DLS and AFM
Existence of micelles above cmc and micelle size was confirmed by DLS and AFM. exponential fitting, and Fig. 9b is the decay rate (Γ) vs. q 2 (q, scattering vector; q =4πsin(θ/2)/λ, θ the scattering angle, λ the wavelength of the laser (632.8 nm), and n the refractive index) plot. We found two dynamic modes, one (faster) is for polymer micelle and the other (slower) is a large aggregate, whose contribution is very small as found in our previous studies. The excellent linearity with passage through the origin in Fig. 9b means that both modes are for translational diffusion, and from its slope, we can calculate the translational diffusion coefficient, which can be converted to a hydrodynamic radius (R h ) by applying the Stokes-Einstein equation.
At a low polymer concentration, R h of St 58 -b-AA 142 decreased with increasing added salt (NaCl) concentration (Fig. 10) . This is an observation typical for ionic polymer micelles, which can be explained by shrinking of corona chains, which were extended to some extent at a low ionic strength, by an electrostatic shielding effect. Taking into consideration the fact that the fully stretched chain length of this polymer (total degree of polymerization is 200) is about 50 nm, shrinking from slightly more than 50 nm is reasonable and has been observed in our previous studies. The remarkable difference from the strongly ionic polymer micelle [3, 4] is the absence of "critical salt concentration." Since the present polymer is weakly ionic polymer micelle, the charge density in the corona is not so high. Hence, added salt ions can go into the corona region at low salt conditions. At a higher salt concentration, no remarkable change of R h with increasing salt concentration was observed. This might be due to the fact that the ionic strength in the system is already high enough due to the high polymer concentration, so the system itself was no longer sensitive to ionic strength. We should note the smaller R h value for high polymer concentration condition. This might be due to the change (decrease) of aggregation number of the micelle. In fact, a decrease of aggregation number due to enhanced "head group" repulsion by shrinking corona chain was reported for weakly ionic polymer micelle by Imae et al. [43] . However, further study is necessary to confirm this point.
The pH dependence of R h is shown in Fig. 11 . Quite different pH dependence was observed for three different polymer concentrations; R h showed maximum, insensitivity, and minimum as a function of pH for lower, middle, and higher polymer concentration conditions. We have no clear idea for the interpretation of this observation at this stage, and one speculative explanation might be as follows: At a low polymer concentration, the dissociation number of carboxylic acid units on the corona chain increased with increasing pH, which results in extension of corona chain. However, at a higher pH than the neutralization point, the added NaOH to control pH acted as an added salt, causing the corona chain to shrink by electrostatic screening effect due to the excessive NaOH ions. At a higher polymer concentration, we should take the effect of intermicellar electrostatic interaction, which apparently lowers the R h value than its real physical size [44] . This effect became remarkable with increasing pH, but since the added NaOH act as added salt, R h value approached to its real size of about 25 nm, which is a reasonable value since fully stretched chain length of this polymer is about 35 nm. Further detailed experiments and analyses are necessary to understand the behavior of weakly ionic polymer micelles, which should be our future target. Figure 12 shows an example of an AFM image for St 44 -b-SS 92 micelles. Almost spherical micelles with a radius of about 21 nm are clearly discerned. This radius is a suitable value for a dry size since R h of this micelle converged into about 25 nm as shown in Fig. 11 .
Conclusions
The weakly ionic amphiphilic diblock copolymers, St m -b -SS n , were synthesized by nitroxy radical-mediated living radical polymerization. This polymer was surface active under acidic conditions, but it showed non-surface activity at a neutral pH and slightly surface active under alkaline conditions since added NaOH played a role as an added salt. Hence, (a) (b) Fig. 13 Equilibrium for nonsurface-active polymers in aqueous solution (a) and schematic representation of image charge effect at the air/water interface (b). Since the adsorbed state at the air/water interface is highly destabilized by image charge repulsion and also since the polymer micelles in bulk solution are so stable, the equilibrium is in favor of micelle formation we have established the transition between surface active/nonsurface active by changing the pH, for the first time to our best knowledge. Under a non-surface-active condition, cmc of the micelle showed an added salt concentration dependence similar to that of other non-surface-active polymers studied previously; cmc increased with increasing added salt concentration. Cmc showed a unique pH dependence, but this was interpreted by the change of charge number on the PAA block and NaOH concentration of the added salt. These observations did not conflict with the proposed origin of non-surface activity; the key factors are electrostatic image charge repulsion at the air/water interface and high stability of the polymer micelle in the bulk solution. In other words, non-surface activity can be explained by the change of balance between unimer, adsorbed polymer, and micelle as shown in Fig. 13 . Control of surface-active/non-surfaceactive transition will be a new practical technique to establish novel functional materials and devices, especially related to surface and interface sciences.
